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1. Introduction 
DNA is a dynamic molecule that is constantly damaged and repaired. Major sources of 
DNA lesions are physical and chemical agents from the environment, intermediates of 
cellular metabolism, spontaneous chemical reactions of DNA, incorporation of foreign or 
damaged nucleotides, etc. [1,2]. As a response to DNA damage, essentially all organisms 
have developed elaborate DNA repair mechanisms to preserve the integrity of their genetic 
material: reversion, excision or tolerance of a lesion. These mechanisms are largely 
conserved among prokaryotes and eukaryotes, including human cells [3,4].  
Unrepaired DNA lesions may block replication and transcription, potentially leading to cell 
death, or may give miscoding information, generating mutations. Mutations in germ cells 
can cause abnormal development of embryo, prenatal death or genetically defective 
offspring. Somatic mutations and rearrangements in DNA molecule can lead to 
development of many degenerative disorders including atherosclerosis, autoimmune 
diseases, Alzheimer’s disease, certain types of diabetes, and aging [5-9]. Moreover, 
epidemiological studies indicate that many types of cancer are dependent on multiple 
mutational etiologies, as well as on inherited mutator phenotype [4,10-15]. With the 
increasing diversity and abundance of DNA damaging agents in the environment, it is very 
important for human health that active substances from medicinal and aromatic plants 
possess protective effects against genotoxic agents and under certain conditions could act as 
antimutagens. 
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2. Antimutagens 
In order to protect human health, a relatively new area of research, designated as 
antimutagenesis and anticarcinogenesis, is continuously developing. The aim of 
antimutagenesis studies is to identify natural substances with antigenotoxic and antimutagenic 
potential and to determine the cellular and molecular mechanisms of their action. Possible 
application of plant antimutagens is in development of dietary and pharmaceutical 
supplements useful in primary prevention of mutation related diseases, including cancer. 
Different prokaryotic and eukaryotic tests, routinely used to detect environmental mutagens 
and carcinogens, are suitably adapted for identifying agents with antigenotoxic, 
antimutagenic and anticarcinogenic potential, as well as for elucidating the mechanisms of 
their action. Due to rapidity and low costs, bacterial short-term tests are recommended to 
provide preliminary, but considerable information about cellular mechanisms of 
antimutagenesis. In combination with mammalian enzymes, they can provide information 
about the kind of metabolic activation or detoxification that an agent may undergo in vivo. 
However, for obvious reasons, bacterial short-term tests can not replace the 
antimutagenicity/antigenotoxicity studies in mammalian cells and in vivo, in order to 
identify mechanisms possibly relevant for human protection [16-19]. 
After several decades of research, antimutagenic effect of many naturally occurring 
compounds extracted from plants has been well established in bacteria and mammalian cells 
[20,21]. However, due to diversity of DNA lesions and the complexity of DNA repair 
pathways it is difficult to identify the processes involved in antimutagenesis. Antimutagens 
may be effective against single mutagen or a class of mutagens, may act by multiple, 
sometimes strictly interconnected or partially overlapping mechanisms, may be even 
mutagenic at certain concentrations or in certain test systems, which implies a discriminative 
approach in antimutagenesis studies, as well as careful interpretation of the results [22]. 
According to Kada et al. [23] antimutagens are placed in two major groups: desmutagens 
and bioantimutagens. Desmutagens are agents which prevent the formation of 
premutagenic lesions, while bioantimutagens prevent processing of premutagenic lesions 
into mutations by modulating DNA replication and repair. A revised and updated 
classification of antimutagens and anticarcinogenesis was given several times by different 
authors [18,19,24]. The classification took into consideration the multiple phases involved in 
the pathogenesis of cancer and other mutation related diseases. It analyzed first the 
inhibition of mutations and of cancer initiation, either extracellularly or inside the cells, and 
then the mechanisms interfering with promotion, progression, invasion and metastasis. A 
modified scheme incorporated possible points for intervention in primary, secondary and 
tertiary prevention. 
Extensive search for natural compounds with antimutagenic effect often pointed at terpenes, 
a class of substances abundantly found in fruits, vegetables, and aromatic and medicinal 
plants. They are biosynthetically derived from isoprene units (C5H8) which may be linked to 
form monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), triterpenes (C30), 
tetraterpenes (C40), and polyterpenes. Terpenes exist as hydrocarbons or have oxygen-
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containing substituents, such as hydroxyl, carbonyl, ketone, or aldehide groups; the latter 
usually are referred to as terpenoids. Both in vitro tests and epidemiological studies suggest 
that many dietary monoterpenes (including monoterpenoids) exert antimutagenic 
properties and could be helpful in the prevention and therapy of cancers [25-27]. 
The research efforts of our group have been focused on detection of antimutagenic properties 
of medicinal and aromatic plants of our region. In our initial search we screened crude extracts 
obtained from plants frequently used in our traditional medicine: sage (Salvia officinalis L.), 
lime-tree (Tilia chordata Mill.), mint (Mentha piperita L.), nettle (Urtica dioica L.), camomile 
(Matricaria chammomilla L.), aloe (Aloe arborescens L.), thyme (Thymus serpyllum L.), St. John’s 
wort (Hypericum perforatum L.) and sweet basil (Ocimum basilicum L.). Analysis of the obtained 
data showed heterogeneous responses, depending on the extract, concentration applied, 
genetic background and end-point monitored. Comparison of obtained data promoted St. 
John’s wort, mint, sweet basil and sage as potential source of antimutagens [28]. In further 
study, we focused our attention on antimutagenic effect of sage and sweet basil. 
3. Medical properties of sage and basil 
Salvia and Ocimum are genera of the family Lamiaceae consisting of about 900 and 35 
species, respectively. S. officinalis and O. basilicum are employed as folklore remedy for a 
wide spectrum of ailments in many traditional medicines, including ours. Furthermore, the 
latter is irreplaceable spice of many national cuisines. Numerous biological activities of 
different extracts of Salvia and Ocimum species have been described, including antimicrobial, 
anti-inflammatory, antioxidative, antidiarrheal, blood-sugar lowering, immunomodulatory, 
a nervous system stimulatory, spasmolytic, and cholinergic binding [29-40]. Several reports 
also indicate antigenotoxic and chemopreventive activities of different extracts from Salvia 
and Ocimum species [41-45].  
4. The strategy and assays for antimutagenesis study 
In order to investigate the antimutagenic potential of plant extracts, we constructed and 
validated a new Escherichia coli K12 assay system, specially designed for detection of 
antimutagens and elucidation of molecular mechanisms of antimutagenesis [46,47]. We used 
this assay along with appropriatelly modified standard mutagenicity tests 
(Salmonella/microsome, E. coli WP2 and S. cerevisiae D7), to determine the antimutagenic 
potential, and applied comet assay for measuring the effect of antimutagen on mutagen 
induced DNA damage and repair. In all tests antimutagenic potential was determined in the 
range of non-toxic concentrations. 
4.1. E. coli assay for bioantimutagens 
The bacterial assay is composed of four tests measuring different end-points at the DNA 
level: spontaneous and induced mutagenesis in different genetic backgrounds, SOS 
induction and homologous recombination. To evaluate the effect on spontaneous and 
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induced mutagenesis we first use reversion test on repair proficient strain SY252, 
constructed in our laboratory (Table 1). The strain contains an ochre mutation in the argE3 
gene, which can revert to prototrophy by base substitutions at the site of mutation or at 
specific suppressor loci [48]. We initially chose UV-irradiation (254 nm) to induce mutations 
for several reasons: (i) it mainly induces base substitutions [49] which can be detected in 
SY252; (ii) it shares cellular mechanisms of mutation avoidance (nucleotide excision and 
post-replication recombination repair) and mutation fixation (translesion error-prone 
replication mediated by SOS regulated UmuD’C complex) with many chemical mutagens 
and carcinogens [50,51] (iii) possible chemical interaction between mutagen and 
antimutagen is prevented, which is essential for detection of bioantimutagens. UV-mimetic 
mutagen 4-nitroquinoline-1-oxide (4NQO) [52,53] was recently used to provide comparison 
with the results obtained with UV. The possibility for chemical interaction between 4NQO 
and antimutagen was avoided in experimental procedure. 
Since nucleotide excision repair (NER) is the major error-free pathway involved in repair of 
pyrimidine dimers and bulky DNA lesions such as 4NQO-DNA adducts [54], we also 
analyze potential of antimutagen to reduce mutagenesis in NER deficient uvrA counterpart 
of SY252. Comparison of results obtained in repair proficient and NER deficient strains 
indicates if observed antimutagenic effect involves increased capacity for NER. 
 
Strain Relevant marker Reference 
E. coli K12 
SY252 argE3 [55] 
IB101 SY252 mutH471::Tn5 [46] 
IB103 SY252 mutS215::Tn10 [46] 
IB105 SY252 uvrA::Tn10 [56] 
IB106 SY252 mutT::Tn5 [57] 
   
IB111 SY252 [p(sfiA::lacZ)cIind1] PHOC [56] 
IB127 IB111 uvrA::Tn10 [58] 
   
IB122 SY252/pAJ47 [57] 
IB123 IB101/pAJ47 [57] 
   
GY7066 lacMS286 80dIIlacBK1 recA306 srl::Tn10 [59] 
GY8281 GY7066/miniFrecA+ [59] 
GY8252 GY7066/miniFrecA730 [59] 
S. typhimurium 
TA98 hisD3052 rfa ΔuvrB/pKM101 [60] 
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Strain Relevant marker Reference 
TA100 hisG46 rfa ΔuvrB/pKM101 [60] 
TA102 hisG428 rfa/pKM101 pAQ1 [60] 
E. coli B/r WP2 
IC185 trpE65 [61] 
IC202 IC185 oxyR/pKM101 [61] 
S. cerevisiae 
D7 ade2-40/119 trp5-12/27 ilv1-92/92 [62] 
3A a/α gal1 leu2 ura3-52 [63] 
Table 1. Tester strains  
To amplify the sensitivity of detection of spontaneous mutations, the isogenic mismatch 
repair (MMR) deficient strains, with increased frequency of spontaneous reversions were 
constructed and included in the assay. Due to deficiency in correcting replication errors, 
these strains can be used to detect agents affecting the fidelity of DNA replication. 
To measure the level of SOS induction, which corresponds to the induction of mutagenic 
SOS repair [64], the repair proficient strain SY252 and NER deficient counterpart were 
lysogenized with non-inducible  phage carrying sfiA::lacZ fusion. Since sfiA is under SOS 
regulation, the level of -galactosidase in these strains reflects the level of SOS induction 
[65]. Both strains are constitutive for alkaline phosphatase, allowing simultaneous 
assessment of SOS induction and overall protein synthesis [56, 58]. 
To measure homologous recombination, we use the strains with two non-overlapping 
deletions in duplicated lac operon, in which intrachromosomal recombination results in the 
formation of Lac+ recombinants [66]. The strains carry different recA alleles and thus have 
different capacities for both recombination and SOS induction [59]. Strain GY8281 (recA+) is 
recombination proficient, and an increased amount of activated RecA protein is formed only 
after DNA damaging treatments. On the contrary, strain GY8252 (recA730) is partially 
recombination deficient, but constitutive for SOS induction [67,68]. In this strain an increased 
level of activated RecA protein exists in the absence of DNA damaging treatments. 
4.2. E. coli assay for desmutagens 
A wide variety of compounds with antioxidative activity (vitamins, phenolic compounds, 
flavonoids, terpenes, etc.), have been shown to possess inhibitory or modulating effects on 
environmental mutagens and carcinogens. Natural antioxidants and their metabolites can 
modulate the mutagenesis and the initiation step in carcinogenesis by several desmutagenic 
mechanisms, such as scavenging of reactive oxygen species (ROS), inhibition of certain 
enzymes involved in the metabolic transformation, or inhibition of mutagen binding to 
DNA [69]. Antioxidants may also interfere with tumor promotion and progression by virtue 
of their multiple biological properties.  
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In order to identify antimutagens with antioxidative properties, we modified our E. coli K12 
assay for bioantimutagens. In repair proficient strain SY252 mutations are induced by t-
butyl hydroperoxide (t-BOOH), a latent donor of ROS, which promotes oxidative damage of 
DNA [70]. Since DNA damage induced by t-BOOH cause both transitions and transversions 
of AT base pairs, it can be used to increase argE3 → Arg+ reversions. The mutT strain was 
constructed for the assay in order to evaluate protective capacity of antioxidants against 
formation of oxidatively damaged bases in the cell pool [57]. Due to deficiency in removing 
8-oxo-G, mutT strains have high frequency of A:8-oxo-G mispairs and show increased level 
of spontaneous AT→CG transversions [71]. During validation of the test we determined that 
the frequency of argE3 → Arg+ reversions is significantly increased in IB106 strain [47]. Since 
MMR is additionally involved in the repair of mispairs between normal and oxidized bases 
[72], MMR deficient strains from the assay for bioantimutagens are also included.  
Considering that microsatellite instability (MSI) could be induced by oxidative DNA 
damage, by MMR deficiency or in many forms of cancer [73-75], we also designed the test 
for detection of MSI. The repair proficient and MMR deficient strains were transformed with 
the low copy number plasmid pAJ47 (Table 1). This plasmid contains dinucleotide repeats 
(CA)11 placed out-of-frame within the coding region of β–lactamase gene. Cells harbouring 
plasmid are sensitive to β–lactam antibiotics, such as carbenicillin. Microsatellite sequence is 
a +2 frame construct and the mutation that restores the reading frame and provides 
resistance to carbenicillin is a 2 bp deletion. Repair-proficient strain is used for screening of 
t-BOOH-induced MSI, while mutH strain is used for monitoring of spontaneous MSI [57]. 
4.3. Other reversion tests 
Preliminary screening of plant extracts included evaluation of possible mutagenic effects by 
standard Salmonella/microsome (Ames) test, recommended by OECD [76]. The mutagenicity 
was determined in strains TA98, TA100 and TA102 (Table 1) in plate incorporation assay 
[60]. For evaluation of antimutagenic effect, the tester strain and the mutagen were selected 
according to the mutational event monitored.  
WP2 mutagenicity test, especially recommended for monitoring of oxidative mutagenesis [76], 
is used along with E. coli K12 assay to detect antimutagenic potential of plant extracts based on 
antioxidative properties. Test is performed on both OxyR proficient IC185 and OxyR deficient 
IC202 strains [61]. The OxyR protein is a redox-sensitive transcriptional activator of genes 
encoding antioxidative enzymes: catalase-hydroperoxidase I, alkyl hydroperoxide reductase 
and glutathione reductase [77]. Mutants in oxyR are deficient in inducible expression of 
antioxidant enzymes and thus very sensitive for detection of oxidative mutagens and 
antimutagenic effect of antioxidants. Comparison of results obtained in OxyR+ and OxyR- 
strains indicates if observed antimutagenic effect is based on antioxidative properties. 
To obtain preliminary information about mutagenic and antimutagenic potential of plant 
extracts in eukaryotic cells we used the S. cerevisiae diploid strain D7 [62], which permits 
simultaneous evaluation of point mutations (ilv1-92→Ilv+), mitotic crossing over 
(ade2→Ade+) and mitotic gene conversion (trp5→Trp+). 
 
Molecular Mechanisms of Action of Antimutagens from Sage (Salvia officinalis) and Basil (Ocimum basilicum) 91 
4.4. Comet assay – direct monitoring of DNA damage 
The alkaline comet assay was used in order to monitor the effect of plant extracts on 
formation and repair of DNA lesions induced by a mutagen. The comet assay or single-cell 
gel electrophoresis (SCGE) is a simple method for measuring DNA strand breaks, mostly in 
eukaryotic cells. It has become one of the standard methods for assessing DNA damage and 
found applications in different fields including genotoxicity/antigenotoxicity testing, human 
biomonitoring and molecular epidemiology, ecogenotoxicology, as well in fundamental 
research of DNA repair [78]. The assay was performed on repair proficient Vero cells, 
originated from the kidney of African green monkey (ECACC No: 88020401), and on two 
human cell lines: hepatoma HepG2 (ATCC HB-8065) and B lymphoid NC-NC cells (DSMZ 
ACC120). We also used the modified version of alkaline comet assay on S. cerevisiae 3A 
strain, designed by Miloshev et al. [63]. 
5. Antimutagenic potential of sage 
Given the possibility to obtain large quantities of chemically characterized extracts from 
different varieties of sage, we focused our research on this plant. We screened the 
fractionated extracts of two varieties of sage. Wild sage originated from Pelješac, Croatia, 
while cultivated sage (variety D-70) was selected and grown at the Institute for Hop, 
Sorghum and Medicinal Plants, Bački Petrovac, Serbia. The most striking difference between 
the two plants is the composition of essential oils (EO). While both plants contain α+β 
Thujone (Thu), Camphor (Cam) is present only in traces in the wild sage, whereas it 
represents 1/5 of the monoterpenes in variety D-70 [79]. Extract 1 (E1) was prepared from 
the cultivated sage, collected during the flowering period, dried and subjected to ethanolic 
extraction as the whole herb. Extract 2 (E2) was prepared from the same herb as Extracts 1, 
but it was steam distilled prior to ethanolic extraction to remove EO. Extract 3 (E3) was 
prepared from the wild sage, treated in the same way as Extract 1. All extracts (E1-E3) were 
re-extracted by CO2 at different pressure (200, 300, 400, 500 bar), resulting in the extracts 
(E/2-E/5) with high content of terpenes. The extracts obtained at low CO2 pressure (200, 300 
bar) contained mainly monoterpenes, while extraction at higher CO2 pressure resulted in the 
increase of relative proportion of high molecular weight terpenes. Preliminary 
determination of antioxidative properties, performed with lipid peroxidation test, indicated 
significant antioxidative activity of the extracts obtained at high CO2 pressure, which was 
attributed to diterpenes, such as 6-methyl-ether-γ-lactone carnosic acid and rosmanol-9-
ethyl ether [79,80]. 
5.1. Desmutagenic potential of sage extracts 
Protective effect of sage extracts against spontaneous and ethidium bromide (EtBr)-induced 
mutagenesis was monitored in E. coli K12 mutT and S. typhimurium TA98 strains, 
respectively [81]. The results showed that extracts of cultivated sage obtained at 500 bar 
(E1/5 and E2/5) exerted significant antimutagenic effect (Figure 1), indicating high molecular 
weight terpenes as active substances. The most effective extract E2/5, containing mainly 
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rosmanol-9-ethyl ether (40%), was further investigated in order to elucidate the molecular 
mechanism of antimutagenicity. Different experimental procedures were applied: A – co-
incubation of mutagen, extract and S9 fraction, followed by addition of bacteria and plating; 
B – pre-incubation of mutagen and S9, followed by addition of the extract, incubation, and 
final addition of bacteria and plating; C- pre-incubation of mutagen, S9 and bacteria, 
followed by removal of mutagen and S9, addition of the extract, and plating. The strongest 
inhibition was obtained when the mutagen and E2/5 were pre-incubated with S9 (procedure 
A), indicating that the main antimutagenic mechanism was inhibition of metabolic 
activation of EtBr. Extract E2/5 also moderately reduced spontaneous mutations (37%) in 
mutT strain. 
 
Figure 1. Effect of sage extracts against EtBr –induced mutagenesis in TA98 strain 
5.2. Bioantimutagenic potential of sage 
Bioantimutagenic potential of sage was evaluated in E coli K12 reversion assay by 
monitoring the effect of the extracts E1/3, E2/3 and E3/3 against UV-induced mutagenesis. 
The most interesting results were obtained with extract of cultivated sage E1/3 which 
strongly reduced UV-induced mutagenesis (60%) in repair proficient strain SY252, while no 
inhibition of mutagenesis was detected with extracts E2/3 and E3/3. Taking into 
consideration the extracts content, this result indicated the role of volatile terpenes from EO, 
especially Cam, in observed bioantimutagenic influence [82]. 
In the comparative study [22] monoterpenes-rich extracts of sage D-70 (EO, E1/2, E1/3) 
produced a significant antimutagenic response against UV-induced mutagenesis in repair 
proficient strain SY252 (Figure 2). The analysis of molecular mechanisms indicated no 
potential of the extracts to reduce spontaneous mutagenesis in IB103 (mutS) strain, as well as 
no inhibition of mutagenic SOS repair in IB111. However, EO and extracts stimulated UV-
induced recombination in both GY8281 (recA+) and GY8252 (recA730) strains. In addition, 
inhibition of UV-induced mutagenesis by E1/3 was significantly decreased by uvrA mutation, 
indicating the participation of both NER and recombination in the protection mechanisms. 
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Figure 2. Bioantimutagenic effect of extracts of sage D-70 
Additional evidence for bioantimutagenic effect of sage monoterpenes came from the study of 
EO of sage grown for industrial purposes by the Institute for Medicinal Plant Research ”Dr. 
Josif Pančić”, Belgrade, Serbia [83]. In contrast to wild sage and D-70 [79], this variety contains 
Eucalyptol (Euc, 1,8-cineole) in addition to Thu and Cam (Table 2). EO was fractionated by 
vacuum rectification to yield 5 fractions (F1-F5). The composition of EO and fractions was 
determined using analytical GC/FID and GC/MS techniques and Wiley/NBS library of mass 
spectra [84]. Fractions F1 and F2 contain exclusively monoterpenes, fractions F3 and F4 lack 
some of the monoterpenes and contain small proportion of sesquiterpenes, while fraction F5 
contains about 40% of sesquiterpenes, the most abundant being α-humulene (Table 2).  
 
Constituent EO F1 F2 F3 F4 F5 
cis-Salven 0.518 0.134     
Tricyclen 0.123 0.146     
-Thujene 0.178 0.100     
-Pinene 5.059 5.194 0.620    
Camphene 3.683 6.017 1.361    
Sabinene 0.124 0.134     
β-Pinene 2.717 3.429 0.962    
Myrcene 0.874 0.295 0.042    
-Felandren 0.062      
-Terpinene 0.225      
p-Cymene 0.460 1.423 1.342 0.611 0.102  
Limonene 1.224 1.235 0.667 0.325   
Eucalyptol 14.425 31.661 21.864 4.853 0.475  
β-Ocimene 0.032 0.023 0.058 0.039   
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Constituent EO F1 F2 F3 F4 F5 
-Terpinene 0.391 0.101 0.144  0.236  
cis-Sabinene-hydrate 0.114   0.202 0.144  
cis-Linalol-oxide 0.069   0.123 0.135  
Terpinolene 0.262 0.095 0.135 0.125 0.924  
trans-Sabinene-hydrate 0.501 0.824 0.484 0.489 1.112  
-Thujone 37.516 29.656 48.233 61.512 57.335 11.267 
β -Thujone 4.665 3.002 4.781 7.439 7.895 2.150 
Camphor 13.777 8.293 14.364 21.614 27.623 12.075 
trans-Pinocamphon 0.461   0.364 0.545  
Borneol 0.753 0.903  0.509 1.200 4.227 
cis-Pinocamphon 0.033   0.111 0.160  
Terpin-4-ol 0.351   0.155 0.337 0.997 
p-Cimene-8-ol 0.025      
-Terpinol 0.117   0.201 0.084 1.116 
Mirtenal 0.208    0.236  
Bornylacetate 0.391 0.508  0.197 0.425 1.777 
trans-Sabinilacetate 0.099    0.070  
-Kubeben 0.029    0.048  
β -Burbonen 0.058    0.136  
Caryophyllene 1.824   0.185 0.454  
-Humulene 4.994   0.239 0.586 29.852 
allo-Aromadendren 0.085      
-Murolen 0.053      
Viridiflorene 0.109    0.054  
-Cadinene 0.031      
-Cadinene 0.066      
Caryophyllene-oxide 0.089      
Viridiflorol 1.371     8.745 
Humulene-epoxide 0.340     2.683 
Manool 0.277     1.892 
Identified in total 98.762 93.172 95.058 99.293 99.205 88.315 
Sage was cultivated by the Institute for Medicinal Plant Research ”Dr. Josif Pančić”, Belgrade, Serbia. EO was prepared 
according to Ph. Jug. IV and ISO 9909 and analyzed by GC/FID and GC/MS.  
Table 2. Composition of essential oil of sage and its fractions (% m/m) 
A comparative study of bioantimutagenic potential of sage EO and fractions was performed 
in E. coli K12, Salmonella/microsome and S. cerevisiae reversion assays [85]. The summarized 
effects against UV-induced mutagenesis in strains SY252, TA102 and D7 are presented in 
Figure 3. In all test organisms protective effect was obtained with EO and fractions 
containing only monoterpenes (F1 and F2). Fractions F3 and F4 were bioantimutagenic 
depending on the test organism, while fraction F5 was ineffective. The results confirmed 
bioantimutagenic potential of monoterpenes and pointed at Thu, Euc and Cam as 
candidates for further bioantimutagenesis study. 
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Figure 3. Antimutagenic effect of sage EO and fractions against UV-induced mutagenesis 
6. Antimutagenic potential of basil 
Sweet basil is well known for its antioxidative properties, but its antigenotoxic potential has 
not been extensively investigated. In order to monitor desmutagenic and bioantimutagenic 
potential of sweet basil, EO and its dominant component Linalool (Lin) were screened in E. 
coli reversion assays. The EO was prepared from the plant cultivated by the Institute for 
Medicinal Plant Research ”Dr. Josif Pančić”, Belgrade, Serbia. The GC/FID and GC/MS 
analyses of the oil confirmed the high content of Lin (69.2%, Table 3). 
 
Constituent % (m/m) Constituent % (m/m) 
α-Terpinene 0.005 α-Murolene 0.090 
Camphene 0.006 Naphthalene 0.270 
α-Pinene 0.100 α-Copaen 0.400 
β- Myrcene 0.300 α-Humulene 0.500 
Limonene 0.900 β-Caryophyllene 0.560 
p-Cimen-8-ol 0.025 Zingiberene 0.600 
Terpinen-4-ol 0.040 β-Elemene 0.800 
Carvone 0.060 α-Bergamotene 1.020 
trans-β-Ocimene 0.100 β- Selinene 1.040 
endo-Borneol 0.270 α-Guaiene 1.110 
endo-Bornylacetate 0.300 δ-Cadinene 1.130 
Camphor 0.300 α-Selinene 1.670 
Nerol 0.400 δ-Guaiene 2.100 
cis- β-Ocimene 0.400 γ-Cadinene 2.500 
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Constituent % (m/m) Constituent % (m/m) 
α-Terpinolene 0.400 Nerodiol 0.110 
Thiogeraniol 0.560 cis-Farnesol 0.180 
α-Terpineol 0.700 trans-Murolol 0.430 
Eucalyptol 0.800 α-Cadinol 2.560 
Geraniol 1.900   
Linalool 69.200  
Eugenol 1.400   
Estragole 2.400   
β-Burbonene 0.080 Identified in total 97.716% 
Basil was cultivated by the Institute for Medicinal Plant Research ”Dr. Josif Pančić” Belgrade, Serbia. EO was prepared 
according to Ph. Jug. IV and ISO 9909, and analyzed by GC/FID and GC/MS.  
Table 3. Composition of essential oil of basil (Ocimum basilicum L.) 
6.1. Desmutagenic potential of basil  
The desmutagenic effect of EO of basil and Lin was monitored in E. coli K12 assay system 
with t-BOOH as a mutagen. Strong reduction was observed in repair proficient SY252 for 
both EO and Lin (Figure 4). Moreover, the spontaneous base substitutions in MMR deficient 
strain IB101 (mutH) were slightly decreased by EO, and moderately by Lin. Both basil 
derivatives also moderately decreased t-BOOH-induced MSI in repair proficient strain IB122 
and spontaneous MSI in its MMR deficient counterpart IB123 (mutH). Antimutagenic 
potential determined in all tests was tentatively attributed to antioxidative properties and 
indicated Lin as principal active substance. The confirmation of proposed mechanism was 
obtained in oxyR deficient IC202 strain, where reduction of t-BOOH-induced mutagenesis 
was 72% and 70%, for EO and Lin, respectively [86]. 
 
Figure 4. Antimutagenic effect of basil derivatives against t-BOOH 
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6.2. Bioantimutagenic potential of basil 
The bioantimutagenic effect of EO and Lin against UV-induced mutagenesis was 
investigated in repair proficient and NER deficient strains of E. coli K12 assay [56]. Both basil 
derivatives reduced UV-induced mutagenesis only in repair proficient SY252, but not in 
NER deficient IB105 strain (Figure 5), suggesting potential of basil to modulate NER. No 
reduction of spontaneous mutagenesis was detected, even in the strain with increased 
sensitivity (mutS). However, Berić et al. [86] reported the inhibition of spontaneous 
mutagenesis in isogenic mutH strain. Similar discrepancy between responses obtained in 
different MMR mutants was already noted by Vuković-Gačić and Simić [28]. 
 
Figure 5. Bioantimutagenic effect of basil derivatives 
In the further study EO and Lin showed inhibitory effect on SOS induction. Moreover, they 
stimulated spontaneous and UV-induced recombination only in strain GY8281 constitutively 
expressing RecA protein. Both effects were probably caused by inhibition of protein synthesis, 
as determined by comparing the inhibition of the levels of -galactosidase and alkaline 
phosphatase in IB111 strain. Moreover, basil derivatives also decreased the growth rate. Based 
on all obtained results, we proposed that, by retaining bacterial growth and cell divisions, EO 
and Lin increased the time for error free repair of pyrimidine dimers by NER.  
All obtained data directed our further study to investigation of antimutagenic and 
antigenotoxic potential of pure monoterpenes from sage and basil: Thu, Cam, Euc and Lin. 
An acyclic monoterpene Myrcene (Myr), widely distributed in many other medicinal and 
aromatic plants, was also included in the study.  
7. Desmutagenic potential of linalool, myrcene and eucalyptol 
Protective effect against oxidative DNA damage and mutagenesis was determined for Lin, 
Myr and Euc, since their antioxidative potential has been confirmed by TBA assay [87]. All 
tested monoterpenes slightly reduced t-BOOH-induced mutagenesis in strains SY252 and 
 
Mutagenesis 98 
IC185 (Figure 6). The obtained results indicated that the protective effect of antioxidant 
monoterpenes was low in the strains proficient in induction of antioxidative enzymes, 
presumably due to efficient antioxidative defense. 
To increase the sensitivity of the assay, the strain deficient in the induction of antioxidative 
enzymes (IC202 oxyR) was included in the study. In this strain Lin and Myr strongly 
reduced t-BOOH-induced mutagenesis, while the effect of Euc was significantly lower. The 
suppression of mutagenesis by monoterpenes correlated with their antioxidative properties. 
Euc also decreased spontaneous mutations in IC202, indicating additional mechanisms of 
antimutagenesis [88]. 
 
Figure 6. Antimutagenic effect of monoterpenes against t-BOOH-induced mutagenesis 
Protective capacity of Lin, Myr and Euc against oxidative DNA damage was determined in 
human hepatoma HepG2 and human B lymphoid NC-NC cell lines by alkaline comet assay 
[87]. Experiments were performed in two experimental protocols, (i) co-treatment of cells 
with genotoxic agent (t-BOOH) and monoterpene, which tested the ability of the 
monoterpenes to directly scavenge ROS and (ii) a 20h pre-treatment with monoterpene 
followed by co-treatment (pre+co-treatment) which, in addition to direct scavenging 
activity, allows accumulation of monoterpenes in the cell and induction of enzymatic and 
non-enzymatic cellular antioxidants and detoxifying (Phase II) enzymes.  
The results obtained in co-treatment experiments indicated that all three monoterpenes 
showed protective effect in NC-NC cells, while only Myr exerted weak protection in 
HepG2 cells (Figure 7). The different response obtained in two cell lines could be 
tentatively ascribed to the differences in absorption rates caused by different culturing 
conditions: while HepG2 cells were growing as monolayer, NC-NC cells were growing in 
suspension and were consequently more exposed to monoterpenes. In line with this 
presumption is the result obtained in preliminary testing of toxicity: all monoterpenes 
were more toxic to NC-NC cells. Lazarova et al. [89] reported that hepatocytes possess 
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better antioxidative defense than lymphocytes. Therefore, we could conclude that 
stronger protective effect was obtained in cells with reduced antioxidative capacity, 
similarly as in bacteria.  
  
Figure 7. Antigenotoxic effect of monoterpenes against t-BOOH-induced genotoxicity 
The results of pre+co-treatment experiments showed that Lin and Euc reduced t-BOOH-
induced genotoxicity in both cell lines, while Myr was effective only in NC-NC cells. Since 
HepG2 cells retained the activities of many enzymes involved in metabolic transformation 
of xenobiotics, including monoterpenes [90-96], we proposed that metabolic transformation 
was responsible for the loss of the protective effect of Myr and reduced protective effect of 
Lin obtained in this cell line. Consistent with this explanation are our unpublished data that 
in bacteria treated with t-BOOH the presence of microsomal enzymes (S9) significantly 
reduced antimutagenicity of Lin and diminished antimutagenicity of Myr. 
Protective effect of Lin in eukaryotic cells was also reported by Berić et al. [86]. In the comet 
assay performed on S. cerevisiae 3A diploid strain, Lin significantly reduced H2O2-induced 
DNA damage. Stronger protection was obtained in pre-treated (70% inhibition), than in co-
treated cells (50% inhibition), indicating that in addition to direct scavenging of ROS, other 
protective mechanisms, such as accumulation of Lin in the cells, and/or elevation of cellular 
antioxidative defense, were also included. 
8. Bioantimutagenic potential of camphor, eucalyptol and thujone 
Preliminary screening of bioantimutagenic potential of Cam, Euc, Thu, Lin and Myr, 
performed in E. coli K12 repair proficient strain, indicated that UV-induced mutagenesis was 
strongly reduced with Cam, Euc and Thu [97], moderately reduced with Lin [56], while no 
protective effect of Myr was detected [88]. In order to elucidate the mechanisms involved in 
strong bioantimutagenic potential of Cam, Euc and Thu, we further analyzed their effect on 
DNA repair processes [58]. 
Using the E. coli K12 repair proficient strain, we showed that Cam, Euc and Thu, in addition 
to UV, significantly reduced mutagenesis induced by UV-mimetic 4NQO. Moreover, the 
extent of mutagenesis inhibition was similar as with UV (Figure 8). In IB105 (uvrA) strain 
protective effect of monoterpenes against both mutagens was diminished, indicating that 
NER proficiency is necessary for bioantimutagenic activity of Cam, Euc and Thu. 
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Figure 8. Antimutagenic effect of monoterpenes in repair proficient and NER deficient strain 
Experiments in repair proficient IB111 and NER deficient IB127 strain showed that in both 
strains UV-induced levels of β-galactosidase were higher and persisted longer in cultures 
with Cam. Euc also maintained induced levels of β-galactosidase longer than in 
corresponding controls, but due to inhibition of protein synthesis they were slightly lower 
than in the control ones. Since SOS induction in E. coli increases the efficiency of NER [98], 
obtained results indicated that increased induction of NER could be involved in 
antimutagenic effect of Cam and Euc. 
On the contrary, the kinetics of UV-induced SOS response was not affected by Thu, but it 
significantly decreased the levels of β-galactosidase and the growth rate of both strains. 
These effects were attributed to inhibition of protein synthesis [58]. According to obtained 
results we proposed that, by retaining bacterial growth and cell divisions, Thu increased the 
time for error free repair of pyrimidine dimers by NER, similarly as Lin. Consistent with the 
effect on protein synthesis, stimulation of homologous recombination by Thu and Euc was 
observed only in strain with constitutive expression of RecA (recA730) protein, while Cam 
was additionally effective in recA+ strain (Figure 9). 
  
Figure 9. Effect of monoterpenes on homologous recombination 
The effect of monoterpenes on the repair of 4NQO-induced DNA damage was also 
monitored with comet test on repair proficient Vero cell line. Obtained results showed that 
in cells pre-treated with 4NQO incubation with low doses of monoterpenes resulted in 
significant reduction of tail moment compared with control, indicating more efficient repair 
of 4NQO-induced DNA lesions (Figure 10A).  
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Figure 10. Antigenotoxic/antimutagenic effect of monoterpenes against 4NQO 
A common feature of Cam, Euc and Thu was that the mutagenicity and genotoxicity were 
not reduced in a dose-dependent manner. On the contrary, U-shaped concentration-
response curves were obtained (Figure 10). This type of response is usually interpreted as 
indication of mutagenicity/genotoxicity at higher concentrations of the agent. In bacteria we 
did not detect mutagenic effect of Cam, Euc and Thu in repair proficient strain in the range 
of tested concentrations. Moreover, none of the monoterpenes alone could induce SOS 
response. However, Thu slightly increased spontaneous mutagenesis in uvrA mutant. In 
addition, indication of co-mutagenic effect of all three monoterpenes was observed. 
Moreover, slower fading of SOS response obtained with Cam and Euc, and stimulation of 
homologous recombination by all three monoterpenes alone also indicated possible 
genotoxicity. 
In order to determine if monoterpenes could induce DNA lesions, in further work we 
applied higher doses and evaluated their genotoxicity in the comet assay. Obtained results 
showed that applied doses induced DNA lesions, providing direct confirmation of 
genotoxicity of Cam, Euc and Thu (Figure 11). The genotoxicity of high concentrations of 
Lin was previously determined in comet assay on yeast cells [86]. 
Taken together, our results led us to propose that, by making a small amount of DNA 
lesions, low concentrations of monoterpenes stimulated error-free DNA repair (mainly 
NER), and therefore reduced genotoxicity induced by UV or 4NQO. The results fitted in 
hormesis phenomenon, defined as beneficial response to a low dose of a stressor agent [99]. 
Hormesis is now generally accepted as a real and reproducible biological phenomenon, 
being highly generalized and independent of biological model, end-point measured and 
chemical/physical stressor applied [100]. 
Hormesis hypothesis could successfully explain controversial literature and our data 
concerning genotoxicity/antigenotoxicity of monoterpenes. No mutagenicity of Cam and 
Euc was detected in the Salmonella/microsome assay [97,101,102]. No DNA damage by Euc 
was observed in cultured Chinese hamster ovary cells [103], and in human leukemic K562 
cells [104]. Cam did not induce significant mutagenicity in bone marrow cells of pregnant 
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rats [105]. However, in SMART test Cam was genotoxic [106] and Euc induced apoptosis in 
two human leukemia cell lines and inhibited DNA synthesis in plant cells [107,108]. On the 
other hand, Cam and Euc reduced aflatoxin B1-induced mutagenesis in S. typhimurium 
TA100 [109], Cam reduced γ-radiation-induced increase in SCE frequency in mice bone 
marrow cells [110] and Euc reduced mutagenesis induced by several model and 
environmental mutagens in Salmonella/microsome reversion assay [102]. 
 
Figure 11. Genotoxic effect of Cam, Euc and Thu 
Many literature data indicate no mutagenic or genotoxic effect of Lin in prokaryotic and 
eukariotic cells [102,111-116]. However, Lin was genotoxic in mouse lymphoma L5178Y TK+ 
cells [114] and in B. subtilis Rec-assay [113]. Evidence for antimutagenic effect was provided 
by Stajković et al. [102], who reported that Lin reduced UV- and 4NQO-induced 
mutagenesis in Salmonella/microsome reversion assay. 
Although no genotoxicity of Thu was detected in SMART test [106], Kim et al. [109] reported 
co-mutagenic effect on aflatoxin B1-induced mutagenesis in S. typhimurium TA100. Besides 
our results, no antigenotoxic effect of Thu was reported, but there is evidence about 
antigenotoxicity of plant extracts containing high proportion of Thu [45,117]. 
It is clear that antimutagenic and antigenotoxic features of tested monoterpenes depend on 
the cell type, genetic background, mutagen applied and other experimental conditions. 
Moreover, our results indicate the special importance of applied concentrations for 
antimutagenic response. 
Considering implications of our hypothessis, our work in progress analyzes if pre-treatment 
with low doses of monoterpenes could induce DNA repair mechanisms and protect from 
subsequent exposure to genotoxic agent. Preliminary results indicate that pre-treatment 
with Cam, Euc and Thu reduces UV-induced mutagenesis in repair proficient strain. In NER 
deficient strain protective effect of Thu is diminished, while Cam and Euc are even co-
mutagenic. Moreover, pre-treatment of repair proficient strain with low doses of 4NQO also 
provides protection against UV-induced mutagenesis. In our opinion, this strongly supports 
proposed mechanism of bioantimutagenicity. 
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9. Conclusions 
The identification of natural substances with antigenotoxic/antimutagenic potential and 
estimation of molecular mechanisms involved are very important to establish their value for 
chemoprevention strategies [19]. Our comparative study of sage and basil extracts and pure 
monoterpenes showed that multiple mechanisms are involved in their 
antimutagenicity/antigenotoxicity. Desmutagenic mechanisms of antioxidants from sage 
and basil include radical scavenging activity of Lin, Myr and Euc, and the inhibition of 
metabolic activation of promutagen by high molecular weight terpenes (Figure 12). 
Bioantimutagenic mechanism involves increased efficiency of error-free DNA repair, mainly 
NER, by Cam, Euc, Thu and Lin (Figure 13). 
 
 
 
1 Radical scavenging activity of monoterpenes Lin, Myr and Euc 
2 Inhibition of metabolic activation of promutagen EtBr  
Figure 12. Desmutagenic effects of sage and basil 
Dietary use of plant antimutagens has been seen by many authors as the most practical way 
of primary chemoprevention of cancer and many chronic degenerative diseases. Due to low 
cost and commercial availability of studied monoterpenes, they might be interesting 
candidates for further chemoprevention studies, but their genotoxicity must be taken in 
consideration and carefully analyzed. 
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Figure 13. Bioantimutagenic effects of monoterpenes Cam, Euc, Thu and Lin 
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